Introduction
After the first commercial light-emitting diode (LED) based on GaN blue-emitting chip and Ce 3+ activated yttrium aluminum garnet (YAG:Ce 3+ ) yellow phosphor was fabricated in 1997 [1] , white LEDs [2, 3] have brought a new surge of revolution in illumination by replacing traditional incandescent or fluorescence lamps. With their advantages of high efficiency, long lifetime, and non-pollution, LEDs have been widely applied in lighting and display devices, including plasma display panel, field emission display, white light diode, etc. [4] [5] [6] [7] . However, white LEDs with GaN based blue-emitting chips and yellow-red phosphors have poor color rendering index due to the deficiencies in red emission [8] in current market. In order to solve this problem, two ways are usually recommended for phosphor converted LEDs. The first one is to add red-emitting phosphor in the white LEDs based on blue-emitting chips and yellow phosphor system. The other is to adopt ultraviolet (UV) or near-UV LED chips and tricolor (red, green, and blue) phosphor system. The current commercial tricolor phosphors are mainly Y 2 O 2 S:Eu 3+ for red, ZnS:Cu + ,Al 3+ for green, and BaMgAl 10 O 17 :Eu 2+ for blue [9, 10] . Nonetheless, the poor stability of Y 2 O 2 S:Eu 3+ makes it less desirable due to the release of sulfide gas, lower efficiency, and shorter working lifetime under UV irradiation than the green and blue  phosphors [11] . Therefore, to exploit efficient red phosphors with high luminance, suitable chromaticity coordinates, and good stability in the near-UV region is an urgent and challenging research task.
Nowadays, some red phosphors, such as molybdates [12] , tungstates [13] , aluminates [14] , and nitride phosphors [15] , are attracting more and more attention as they are able to overcome the drawback of poor color rendering index of cool white LEDs. It has been reported that Eu 3+ activated CaMoO 4 phosphor has higher efficient emission intensity under near-UV excitation, more satisfactory chromaticity coordinates, and better stability than sulfide phosphors [16] . However, its red emission intensity still needs to be improved. Compared to conventional research methods, such as the high temperature solid state reaction (SSR) and co-precipitation method, by which it may need several hours of calcination at 800-1100 ℃, microwave sintering is featured with faster heating up (about 30 min using a microwave oven of 800 W) and has higher efficiency, better uniformity of sintering temperature, and an obvious effect of energy saving.
In this work, the effect of different charge compensations on the luminescence property of Eu 3+ doped CaMoO 4 has been investigated by the microwave sintering method (MSM). The result shows that charge compensations can significantly improve the emission intensity of Eu 3+ doped CaMoO 4 , and the developed phosphor is expected to exhibit superior spectroscopic properties as a single-component UV-convertible phosphor in lighting devices for industrial application. 
Experimental

1 Synthesis
2 Characterization
The structures were analyzed on an XD-2X/M4600 powder X-ray diffraction (XRD) with Cu Kα radiation with a voltage of 36 kV and an electric current of 30 mA (Beijing Purkinje General Instrument Corporation). The XRD patterns were recorded in the range of 15° < 2θ < 70°. The microstructure and morphology of the phosphors were observed by Quanta 400/INCA/HKL Thermal FE Environment scanning electron microscope (SEM). The excitation and emission spectra were recorded by an RF-5301 fluorescence spectrometer equipped with a xenon lamp as excitation source. The excitation slit and the emission slit were 3.0 nm and 3.0 nm, respectively. A centrifugal particle size analyzer LA-920 (HORIBA Instruments Inc.) was used to observe the distribution and size of the particles. All measurements were carried out at room temperature.
Results and discussion
1 Powder XRD and structure
The XRD patterns of the typical Eu 3+ doped CaMoO 4 phosphors without and with different charge compensators are shown in Fig. 1 . All of them are in agreement with the standard JADE Card PDF#29-0351 and basically maintain characteristic of scheelite structure of space group I4 1 /a (No. 88) [17] with the cell parameters a = b = 0.5223 nm and c = 1.142 nm, implying that neither the doped Eu 3+ ions nor charge compensators have apparent influence on the crystal structure.
The charge compensation mechanisms can be [20] 2dsinθ = nλ (d is the interplanar spacing, λ is the incident wavelength, θ is the angle between the incident light and the face of lattice), the smaller θ may be caused by the enlargement of interplanar spacing.
In Fig. 2 (a), all diffraction peaks can be easily indexed to those of CaMoO 4 scheelite structure. The phases where the peaks appear are almost the same.
However, obvious deviations can be observed in the expanded version of the XRD spectra in Fig. 2 [21] , which result in the distortion of scheelite structure.
The calcium molybdate crystal structure (Fig. 3 ) shows a high body-centered inversion symmetry [22] . This structure has eight symmetry elements, and a primitive cell includes two formula units of CaMoO 4 
2 Size distribution characterization
The morphology and size of phosphors are important for their applications in the encapsulation of lighting devices since their size and shape would affect the luminescence properties, heat dissipation efficiency, and reliability when the phosphors are coated onto InCaN chips [27] . Typical SEM images of ) shows that most of the particles are well dispersed octahedral shape which fits well the encapsulation requirement of white LEDs [27] .
The particle size distribution shown in Fig. 5 is narrow, suggesting an average particle diameter of 3.82 μm, which is consistent with the SEM study. The particle size matches well with the phosphor size requirement for fluorescent lamp, indicating that the samples are promising for the fabrication of solid lighting devices. synthesized by MSM for 30 min is much stronger than that which is prepared by SSR at 800 ℃ for 4 h. Consequently, an enhanced red emission is observed in charge compensated phosphor samples, and MSM gets higher efficiency comparing with SSR. Figure 7 shows the excitation and emission spectra of Ca 0.52 MoO 4 :0.24Eu 3+ ,0.24Li + prepared by microwave sintering on full output (100%, 800 W) with the reaction time from 35 to 60 min. The emission intensity increases gradually as time increasing and then decreases beyond the reaction time of 55 min, as shown in the inset plot in Fig. 7 . The Ca 0.52 MoO 4 : 0.24Eu 3+ ,0.24Li + prepared at 55 min is found to have the highest emission. Compared with traditional high temperature solid phase method using 800 ℃ for 4 h [30] or co-precipitation method which precalcines samples at 500 ℃ for 2 h and then maintains at 800 ℃ for 4 h [31] , MSM has significant advantages.
3 Luminescence properties
For maintaining the charge balance of CaMoO 4 , equal concentrations of Eu 3+ and Li + ions were used to compensate the charges of Ca 2+ . Figure 8 ions and the entrance to lattice matrix without changing the shape and positions of spectrum peaks. However, this leads to the lattice distortion and symmetry reduction that improve the probability of the electric dipole transition 5 D 0 → 7 F 2 . Thus, effective enhancement appears at red emission peak of 615 nm. In general, the photoluminescence intensity increases with the concentration of the activators in its low concentration range but decreases in high concentration range due to concentration quenching [32] . As it is observed in Fig. 8 Moreover, as the Eu 3+ concentration increases, the maxima of broad charge transfer bands shifts from 292 to 310 nm (Fig. 8) . As a general rule, the energy level that is influenced by the configuration of CaMoO 4 changes between the ground state and the excited state or the first excited state and the ground state, which makes a difference in photon absorption or emission. Therefore, the wavelengths shift to right as shown in the photoluminescence excitation (PLE) spectra [33] .
4 Chromaticity of CaMoO 4 :Eu
3+
,A + phosphor
The Commission Internationale de l´Eclairage (CIE) chromaticity coordinates of a phosphor play an important qualification sign for luminescence applications. Figure 9 and Table 1 ,A + phosphors. Numbers shown in the figure correspond to those described in Table 1 . 
